In recent years, reconfigurable antennas, with the ability to radiate wave in more than one pattern and polarization, play a great role in modern telecommunication systems. Compared with conventional antennas, multipattern and multipolarization antennas have more advantages and better prospects. They can be used to improve system gain and security, satisfy system requirements, avoid noisy environment, and adapt to the environment flexibly. This paper discusses different patterns and polarizations of reconfigurable antennas according to current research work in this area. In the opinion of this paper, the radiation pattern states of antennas include beam direction, shape, and gain. The polarization states of antennas include horizontal/vertical linear, ±slant 45 ∘ linear, lefthand or right-hand circular polarized. Different multipattern and multipolarization antennas with various structures and working mechanisms are compared and discussed. Multipattern and multipolarization antennas have been well applied for aerospace and terrestrial applications, such as dynamic scenarios, adaptive beam scanning, and multiple-input-multiple-output (MIMO) systems.
Introduction
Generally, as we know, theconventional antennas only can work in one radiation pattern and polarization. When the environmental conditions or system requirements change, we need to reconfigure an antenna. It is inconvenient and costs too much. Reconfigurable antennas are a solution to solve this problem. They can change their radiation pattern and polarization timely to address complex system requirements by modifying their geometry and electrical behavior. Reconfigurable antennas can either increase the capabilities of wireless integrated information systems, expand their functionality, orwiden their bandwidths, with efficient spectrum and power utilization.
Compared to today's radio technology which depends on incompatible communication systems with inflexible hardware, the technology of reconfigurability will significantly reduce the hardware complexity, the number of components, and the cost. As described above, reconfigurable antennas promise to bring a host of benefits to future generation of wireless systems. Next-generation communication systems will rely upon reconfigurable antennas, such as wireless systems in dynamic scenarios (e.g., satellite/terminal tracking), adaptive beam scanning (e.g., radar/remote sensing), and MIMO systems (e.g., active management of channel correlation/diversity/interference). Among diversity of schemes at antenna level, multipattern and multipolarization antennas are important ones. They can be used to improve system gain and security, satisfy system requirement, avoid noisy environment, and adapt to the environment flexibly.
The concept of reconfigurable antenna was first presented in 1983 [1] and further investigation and realization were carried out and results were reported in [2] . In the recent years, reconfigurable antennas attracted more and more attention due to their capability of providing multipattern and multipolarization. One of the important applications is in aerospace and terrestrial wireless communication systems.
In the following sections, the classification of the multipattern and multipolarization antennas, the comparison between the different antennas with various structures and working mechanisms, the field of their application, and the vision and goal are to be discussed. 
Classification and Technologies of Reconfigurable Antennas
In this paper, the reconfigurable antennas (mainly multipattern and multipolarization antennas here) can be classified into three categories: multipattern antennas, multipolarization antennas, and multipattern-multipolarization mixed reconfigurable antennas. The multipattern antennas are divided into three major types achieved by changing the beam direction, beam shape, and gain, as indicated in Figure 1 . The beam direction includes the omnidirectional and directional direction. Antennas which alter between omni-directional and directional radiation patterns [3] [4] [5] [6] [7] [8] or vary the direction from one side to another side [9] [10] [11] [12] [13] [14] [15] [16] [17] are called the beam direction reconfigurable antennas. Beam shape reconfigurable antennas can be achieved by changing the number of beams (multiple beams) [18] [19] [20] [21] . Finally, the gain reconfigurable antennas are able to be realized by changing the shape of beam's main lobe and side lobe [22] [23] [24] .
The multipolarization antennas include linearly polarized antennas and circularly polarized antennas, as shown in Figure 2 . A radiating structure that is able to change its polarization (horizontal, vertical, and radiations, and ±slant 45 ∘ ) is called linear polarization reconfigurable antennas [25] [26] [27] [28] [29] [30] . Circular polarization reconfigurable antennas are achieved by varying polarization between left-hand circular and right-hand circular [31] [32] [33] [34] [35] [36] [37] [38] [39] . The antennas switching between the linear polarization and circular polarization are mixed polarization reconfigurable antennas [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] .
The multipattern-multipolarization mixed reconfigurable antennas are the antennas which combine multipattern with multipolarization [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] .
In order to realize various reconfigurable antennas, five major technologies are introduced. (ii) Radio frequency (RF) electrical switches: by controlling the voltage, achieve the switches to be "on" state or the "off " state. PIN diodes, field effect transistor (FET) switches, and MEMS are popularly used.
(iii) Photoconductive switches: activate the semiconductor material (silicon, gallium arsenide) by controlling the laser light to realize the "on" state or the "off " state. It results in exciting electrons from the valence to the conduction band and thus creates a conductive connection.
(iv) Exotic materials: a static applied electric/magnetic field or voltage can change the relative material permittivity/permeability. The smart materials which are used in the substrate of the reconfigurable antennas include nematic liquid crystals, nonlinear materials, and ferroelectric films.
(v) Structural alteration: by altering the height, acreage, and shape of antenna, the physical structural is able to be modified. The altering structure is the antenna radiating parts.
The multipattern and multipolarization antennas are designed by implying the five major technologies to change surface current distribution, and the feeding network, the physical structure, the effective radiating aperture of antennas. The different patterns or polarizations correspond to different states caused by the technologies.
Multipattern Antennas

Beam Direction Reconfigurable
Antennas. The conventional antennas can only work in the omni-directional or directional beam direction. The beam of omni-directional antenna homogeneously directs all the direction. The beam of directional antenna only directs in some range, but its radiated effect is better than that the omni-directional antenn. Consequently, we can choose the suitable type to meet the need of communication system. For example, in the case that the wireless access points distribute in different places and are close to the antenna, we should choose the omnidirectional antenna. On the contrary that the wireless access points are put together in one direction and long away from the antenna, the directional antenna is our choice. So we can see that the reconfigurable antenna with either omnidirectional or directional radiation pattern is very useful in wireless system. In addition, when the target is unique and always moves, for example, in the radar and terminal tracking system, the beam direction of antenna should change at the same time. The directional reconfigurable antenna fits it well. Next, three different examples of beam direction of reconfigurable antennas are described.
Beam Direction Reconfigurable Antennas with Omnidirectional and Directional
Characteristics. This type of antennas can realize omni-directional and directional radiation. The antenna shown in Figure 3 is a simple radiation pattern reconfigurable antenna. The antenna is a combination of a monopole antenna and a dipole antenna with reflector [3] . Three switches are inserted to control the radiation pattern of antenna. The reconfigurable antenna can be operated as either a monopole antenna with an omnidirectional radiation pattern at the switches "on" state or a dipole antenna with reflector, which has directional radiation pattern at the switches "off " state. The antenna is compact and easy to control.
Beam Direction Reconfigurable Antennas with Varied Directional
Characteristics. This is a type of complex radiation pattern reconfigurable antennas. A reconfigurable leakywave antenna capable of steering its radiation beam over a wide range is discussed in [9] . The antenna system is a microstrip composite right/left-hand (CRLH) leaky-wave antenna composed by 25 cascaded metamaterial unit cells, as shown in Figure 4 . To achieve the CRLH behavior, insert an artificial series capacitance and a shunt inductance into a conventional microstrip line by means of an interdigital capacitor and a shorted stub, respectively. By tuning the bias voltage of varactor diodes S and SH separately, we can steer the radiation beam from −55 ∘ to 50 ∘ . The fabricated antenna shown in Figure 5 (a) is a planar 6 × 6 fully reconfigurable array operating at 5.7 GHz, capable of functioning both as a reconfigurable array lens and a reconfigurable reflectarray [10] . The array element consists of two varactor diode-loaded patches coupled by a varactor diode-loaded slot, as shown in Figure 5 (b). In the lens mode, the antenna has a broadside directivity of 20.8 dBi and a beam-scanning range of 50 ∘ by 50 ∘ . The array as a reflectarray can achieve a directivity of 19.4 dBi at broadside and a beamscanning range of 60 ∘ by 30 ∘ . This array is able to demonstrate full 2D beamforming with low cost and is easy to fabricate.
Beam Shape Reconfigurable Antennas.
The antennas which radiate multiple beams at the same time are called multibeam antennas. Multibeam antennas are able to both transmit signal in multiple directions at the same time with high gain and achieve the low side lobe by controlling the amplitude and phase of the feeds. To meet the different demand of communication system, we can change the number and shape of beams. Beam shape reconfigurable antennas are important and have been studied by many scientists.
A multifunctional reconfigurable antenna (MRA) capable of steering its radiation beam in the azimuth plane into one of 4 and 8 directions with variable beamwidth is presented in [20] (see Figure 6 ). The antenna is composed of a planar array of electrically small metallic square-shaped pixels which are interconnected by MEMS switches. By activating or deactivating the interconnecting MEMS switches, the geometry of the MRA dipole is changed. The antenna with optimum performance is able to apply for a wireless communication system.
Gain Reconfigurable Antennas.
The beam makes up by main lobe and side lobe. In general, to improve the gain of antenna, we should increase the mainlobe level and lower the side lobe level as far as possible.
A flexible microstrip patch antenna incorporates a novel multilayer construction consisting of a liquid metal (eutectic gallium indium) encased in an elastomer [24] . The antenna is flexible and durable as its combined properties of the fluid and the elastomeric substrate, as shown in Figure 7 (a). Injecting the metal into micro-fluidic channels provides a simple way to define the shape of the liquid, which is stabilized mechanically by a thin oxide skin that forms spontaneously on its surface. In Figure 7 (b), a multilayer patch antenna is fabricated using specially designed serpentine channels that take advantage of the unique rheological property of the liquid metal alloy. And in Figure 7(c) , by controlling the shape of antenna static, curving a low dielectric mandrel with a radius of 12.7 mm, and curving around a similar mandrel with a radius of 25.4 cm, separately, the antenna can realize three different values of gain. The flexibility antenna is well suited for conformal antenna applications.
Multipolarization Antennas
Comparing with classical antennas with single polarization, the multipolarization antennas offer advantages of reduction in installation space, low coupling effect, and low installation cost. Their intrinsic polarization diversity advantage is very useful in mitigating the multipath fading and increasing the 
Linear Polarization Reconfigurable Antennas.
A polarization reconfigurable slot antenna with compact feed is presented in [27] . with the dimensions of 53 × 50 mm 2 serves as the radiation aperture, etched in the front side of FR4 ( r = 4.4, tan = 0.01). A switchable feed, including a C-shaped capacitively coupled strip at the back side and a CPW at the front side through, is controlled by two PIN diodes. The front side of fabricated antenna topology is shown in Figure 8(a) . The back side of fabricated antenna structure is shown in Figure 8(b) . The bias circuit of the feed is shown in Figure 8(c) . And the geometry of the slot antenna is shown in Figure 8(d) . When PIN1 is "on" and PIN2 is "off, " the antenna is fed through the C-shaped strip, which is capacitively coupled to the CPW.
As a result, the horizontal polarization of the slot is excited. When PIN1 is "off " and PIN2 is "on, " the vertical polarization is excited by typical CPW feed structure. Dual orthogonal polarizations are achieved by dual orthogonal modes of CPW independently, making the feed structure compact.
Circular Polarization Reconfigurable Antennas.
A circularly polarized reconfigurable microstrip array antenna with conical-beam radiation is shown in Figure 9 [39] . The array antenna structure consists of four L-shaped patch elements Capacitor 100 pF arranged in a square-ring formation. Each patch is shorted to the ground plane through conducting walls. With a toploaded monopole feed, two orthogonal resonant modes, loop mode and monopole mode, can be excited simultaneously. When the monopole mode and the loop mode are properly coupled, the microstrip array can generate a CP radiation. By controlling the frequency, the antenna can switch between LHCP and RHCP. In addition the array has the characteristic of omnidirectional radiation and conical beam.
Mixed Polarization Reconfigurable Antennas.
A composite right/left-handed (CRLH) leaky-wave (LW) antenna with flexible polarization is presented in [41] . The leaky transmission line (TL) is a planar passive circuit built using the substrate integrated waveguide technology. It consists of two symmetrical waveguide lines loaded with series interdigital capacitors which radiate orthogonal 45 linearly polarized waves, as shown in Figure 10 . The configuration of single radiating element is shown in Figure 10 (a). Two-element unit cell of the whole structure is shown in Figure 10 (b). The overall LW antenna prototype is shown in Figure 10 (c). Photograph of the fabricated LW antennas is shown in Figure 10 (d). The antenna is able to generate arbitrary different polarization states by changing the way of excitation, including LP and CP. This leaky TL is fabricated by the standard printedcircuit board process. Two broadband couplers are also designed and fabricated for the specified excitation purpose. Six different polarization states, including four LP cases (horizontal, vertical, and ±slant 45 ∘ ) and two CP ones (left hand and right hand), can be realized. The LW structure shows some desirable merits, such as the simplicity in design, low-cost fabrication, and beam-steering and polarizationflexible capabilities, providing a high degree of flexibility for the real application.
Multipattern-Multipolarization Mixed Reconfigurable Antennas
This type of antennas realizes multipattern and multipolarization characteristics by using one reconfigurable antenna. A novel reconfigurable microstrip antenna with radiation pattern selectivity and polarization diversity is discussed in [57] . As shown in Figure 11 
Comparison between Multipattern and Multipolarization Antennas
As shown in Figure 12 , multipattern and multipolarization antennas described above can be divided into two types according to the method of feed: connected feed or spatial feed. The classification criteria are whether the feed of the antenna is connected to the radiator or not. The reconfigurable reflectarray antennas and lens antennas, which are classified as spatial feed, generally feed by horn antennas or others, as described in [10, 13, 15, 25, 26, 29, 61] . Most antennas presented in this paper have a connected feed. Compared with the connected-feed antennas, the spatialfeed reconfigurable reflectarray antennas and lens antennas have the advantages of the gain of a reflector antenna changeable with the flexibility of an array, feed losses and layout problems eliminated through the use of a spatial feed, and system amenable to closed-loop control. However, they have limitations of scanning range, feed blockage, and profile. The reconfigurable antennas with a connected feed include planer antennas and nonplanar antennas. The nonplanar reconfigurable antennas in the form of waveguide antenna and cubic antenna are discussed in [19, 36] , respectively. They are able to avoid outside interference and radiation loss due to their simple closed structure. Nevertheless, paralleling with planar reconfigurable antenna, they are more difficult to integrate with the circuit because of nonplanar structure and are less popular in reconfigurable area due to inflexible structure.
The planar reconfigurable antennas fed by coaxial or coplanar waveguide are mainly made up of microstrip antennas [7-9, 33-35, 37-39, 42-46, 48-52, 57-60] , substrate integrated waveguide (SIW) antennas [11, 12, 40, 41] , and monopole or dipole antennas [3-5, 16, 17, 20, 53, 55] . The microstrip antennas are widely used in reconfigurable antennas with the advantages of small size, light weight, low profile, and ease of integration. The SIW antennas have both the microstrip antenna's advantages of low profile and being easy to integrate and the waveguide antenna's merits of low radiation loss and high efficiency. But, compared to the microstrip-reconfigurable antenna, they are more difficult to process and have lower flexibility. The monopole or dipole antennas have flexible structure, but their ordinary is gain lower than SIW antennas. 
Applications
The reconfigurable antennas with multipattern and multipolarization have been used in both aerospace and terrestrial wireless communication to improve spectrum efficiency, such as wireless systems in dynamic scenarios, adaptive beam scanning, and MIMO systems. In dynamic scenarios, it is necessary to reconfigure the antenna radiation pattern to maintain high data rate, serve a new coverage zone, and limit fading in rainy areas at all possible frequency bands of operation. The dynamic scenarios including satellite and terminal tracking are discussed in [26, 50, [62] [63] [64] . In the adaptive beam scanning system, the antenna should automatically change its radiation beam direction corresponding to the various propagation environments or moving target, such as in the system of radar and remote sensing [65] [66] [67] [68] . A MIMO system employs multiple antennas at both the transmitter and receiver front ends. Pattern and polarization reconfigurable antennas are widely studied and adopted in MIMO systems for their intrinsic pattern and polarization diversity advantage in mitigating the multipath fading and increasing the channel capacity, especially in pattern and polarization varied environments. The MIMO system with reconfigurable antennas is able to actively manage channel correlation, diversity, and interference [9, 17, 18, 27, 31, 59, 69, 70] .
Vision and Goal
Even though the research on the multipattern and multipolarization antennas has got some achievements, we still have a long way to go. Until now, the reconfigurable antennas which have been studied and researched are not smart enough that they are not completely multifunctional and software controlled with machine. In addition, the antennas still only play a role of the transducers. A very interesting goal is that we can create field programmable antenna system which enjoys the same flexibility as other field-programmable devices. In the field-programmable antenna system, the reconfigurable antennas can detect changes in their RF environment and react accordingly. If such system is realized, the antennas are evolved from simple transducers to advanced wave processors, along with the advantages of the utilization of radiation pattern selectivity and polarization diversity to transmit over already "busy" frequencies. And the reconfigurable antennas will play more a important role in aerospace and terrestrial applications.
Conclusion
This paper presents an overview on the multipattern and multipolarization antennas. The concepts, characteristics, and typical antennas of radiation patterns and polarizations are introduced. A comparison between different multipattern and multipolarization antennas with different structures and working mechanisms are also discussed. The reconfigurable antennas can be well applied to dynamic scenarios, adaptive beam scanning, and MIMO systems. The goal in the future work is to realize the field programmable antenna system to evolve antennas from simple transducers to advanced wave processors.
